The conformation of an acyclic dehydrophenylalanine ( A'-Phe) containing hexapeptide, BocPhe-A'-Phe-Val-Phe-A'-Phe-Val-OMe, has been investigated in CDCl, and (CD,),SO by 270-MHz 'H-nmr. Studies of NH group solvent accessibility and observation of interresidue nuclear Overhauser effects (NOEs) suggest a significant solvent-dependent conformational variability. In CDCI,, a population of folded helical conformations is supported by the inaccessibility to solvent of the NH groups of residues 3-6 and the detection of several N,H -N,+,H NOEs. Evidence is also obtained for conformational heterogeneity from the detection of some CPH -N,+ ,H NOES characteristic of extended strands. In (CD,),SO, the peptide largely favors an extended conformation, characterized by five solvent-exposed NH groups and successive CPH -N,+'H NO% for the L-residues and CPH -N,+,H NOES for the A'-Phe residues. The results suggest that Az-Phe residues do not provide compelling conformational constraints.
INTRODUCTION
Recent interest in the conformational properties of dehydrophenylalanine containing peptidesl-' has been stimulated by the possibility of using a, P-dehydroamino acids to introduce both side-chain and backbone conformational constraints into analogs of biologically active peptidesF-" Studies of model peptides, both cyclic4* and a c~c l i c ,~*~ containing a single Z-dehydrophenylalanine (Az-Phe) suggest that this residue shows a tendency to be readily accommodated into /?-turn conformations, and evidence for its occura continuing program, we have extended these conformational studies to longer oligopeptides containing more than one A' -Phe residue. In this report we describe nmr studies on the hexapeptide Boc-(Phe-A'-Phe-Val),-OMe (1) in organic solvents, using NH group accessibility and nuclear Overhauser effects (NOEs) as probes of molecular conformation.
rence at the i + 2 position of type I1 P-turns has been pre~ented?-~As part of EXPERIMENTAL Peptide 1 was synthesized by conventional procedures and fully characterized by 270-MHz 'H-nmr and elemental analysis. Representative procedures for the synthesis of A' -Phe containing peptides have been described in detail *To whom correspondence should be addressed. 
RESULTS AND DISCUSSION
A COSY spectrum of 1 in CDC1, is shown in Fig. 1 . The spin systems of the two Phe and two Val NH groups are readily recognized. The A' -Phe NH resonances that appear as broad singlets in the one-dimensional spectrum display a weak long-range coupling to the corresponding A' -Phe CPH resonances. Specific assignments to Phe(1) and Phe(4) resonances could be made since the Phe(1) NH (urethane) appears at high field in CDCl, solutions.6 Sequential assignments were obtained from difference NOE studies (discussed in a subsequent section), which permitted the observation of specific interresidue NOES." The derived assignments are marked in Fig. 1 . Specific assignments were also made in (CD,),SO with the aid of COSY and NOE spectra. The chemical shifts of various NH resonances are summarized in Table I and the observed values are correlated with those obtained earlier6 for a protected tripeptide, Boc-Phe-A'-Phe-Val-OMe (2), corresponding to residues 1-3 of 1 in Fig. 2 . No significant concentration dependence of chemical shifts was observed for the NH and C"H proton resonances of peptide 1 in CDCl, over the concentration range of 2-10 mg/mL, suggesting that aggregation effects are probably unimportant. 
Solvent Accessibility of NH Groups
Solvent accessibility of various NH groups in 1 was probed using solvent perturbation experiments in CDCI ,-(CD,),SO mixtures and paramagnetic radical induced broadening in CDCl, solutions." The results are summarized in Fig. 3 . Phe(1) and A' -Phe NH groups show an appreciable downfield shift with increasing concentration of the strongly hydrogen bond accepting solvent (CD,),SO. The remaining four NH groups of residues 3-6 are largely unaffected by (CD,),SO concentrations upto 35 vol 56. The results in Fig. 3(b) demonstrate that the Phe(1) and A'-Phe(2) NH groups are dramatically broadened upon addition of the free radical TEMPO; in contrast, the Phe(4) and Az-Phe It is clear that in CDCl,, four NH groups corresponding to Va1(3), Phe(4), Az-Phe(5), and Val(6) residues are relatively inaccessible to solvent, suggesting their involvement in intramolecular hydrogen bonding. However, in (CD,),SO, only the Val(3) resonance exhibits a d6/dT value characteristic of a solventshielded NH group. While the dG/dT values for Phe(1) and A'-Phe(2) NH resonances are characteristic of fully solvent-exposed NH groups, relatively high values are obtained for Phe(4), A'-Phe(5) and Val(6) NH resonances. These results suggest that peptide 1 favors a folded conformation in CDCl,, with the NH groups of residues 3-6 involved in intramolecular hydrogen bonding. However, in (CD,),SO, a more extended conformation is likely, which pennits appreciable solvation of five of the six NH groups. A comparison of the data for hexapeptide 1 with the results for tripeptide 2 and 3 ( sequences (1,2) , as compared to the saturated analog 3. This is clearly indicative of a greater tendency toward 8-turn formation by the Phe-A'-Phe sequence, resulting in shielding of the Val(3) NH group from solvent, in contrast to peptide 3. The significantly lower dS/dT value in 1 as compared to 2 and 3 also suggests that folded conformations are stabilized to a greater extent in the longer peptide even in a strongly solvating medium like (CD,),SO.
NOE Studies
NOE studies were carried out in CDC1, a t 293 K and in (CD,),SO a t 343 K. At ambient probe temperature (293 K) the observed NOEs in CDCl, were weak and positive, suggesting that the condition arc < 1 is ~atisfied.'~,'~ In (CD,),SO, the NOE experiments were conducted a t the higher temperature of 343 K in order to remain in the positive NOE region. Phe ( 1) A population of two distinct sets of conformers corresponding to a folded helical structure and a set of extended conformations. Under conditions where the residence time in these conformations is long enough compared to the rate of NOE buildup, the observed NOEs will be a weighted average reflecting the populations of different ~pecies.'~
2) The occurrence of a largely left-handed helical conformation, which will place the L-residues in the right-hand upper quadrant .of the Ramachandran +, 4 map. Under these conditions, short ( < 3 A) C"H-Ni+,H and N,H-Ni+ ,H distances are simultaneously observed.I6
In the present situation, the interpretation involving conformational heterogeneity is reasonable since there does not appear to be any compelling structural reason that will force the four L-residues into a less probable region of +, J, space. A direct distinction of left-handed helical conformations may be possible from CD studies. However, in the present case the high absorption at wavelengths below 230 nm, due to the presence of four aromatic chromophores, precludes a far-uv CD analysis.
Conformations of 1
The nmr studies described above provide evidence for solvent-dependent conformational variability in peptide 1. In a relatively apolar, poorly hydrogen bond accepting solvent like CDCl,, the nmr data are consistent with an appreciable population of folded conformations involving NH groups of residues 3-6 in intramolecular hydrogen bonding. Figure 5 shows a schematic hydrogen-bonding pattern that involves a succession of 4 + 1 hydrogen bonds and corresponds to a 3,,-helical conformation. Such a helical hydrogen-bonding scheme would result when the backbone conformational angles are + --60', J, --30". In such a structure, short NiH-Ni+,H distances are expected,12 compatible with observed NOEs. It may be noted that small changes in +, J, values can lead to the formation of mixed 3,,/a-helical structures, involving both 4 + 1 and 5 + 1 hydrogen bonds, and in some cases, bifurcated hydrogen bonds.17 Subtle distinctions between various helical structures are not directly possible from the available nmr data. The observed JHNCaH values for Phe(l), Va1(3), and Val(6) are less than 5 Hz, and are consistent with a largely helical conformation for these resonances.18 The JHNCaH value for Phe(4) is appreciably larger (7.8 Hz) and may reflect a degree of conformational averaging involving this residue. Indeed, the observation of CqH -Ni+,H NOEs characteristic of J, -120' A 60" in CDCl, also suggests conformational heter~geneity.~ Figure 6 is a schematic representation of a largely extended conformation for peptide 1 that is consistent with the observed NOEs in (CD,),SO. Such a conformation would be characterized by J, values of -120' at each residue.
Since no specific information is available about the + values at each residue, the fully extended representation is speculative. Nevertheless, it is clear that peptide 1 adopts extended or partially extended conformations in (CD,),SO, which permit appreciable solvation of five of the six NH groups in the molecule. The only NH group that shows a degree of solvent inaccessibility as evidenced by a low d8/dT (.0027 ppm K-') value is the Val(3) NH. It is not possible to distinguish at present whether this low dS/dT value is diagnostic of a population of Phe(1)-A'-Phe(2) type I1 p-turns or whether it is a result of steric shielding by the relatively bulky proximal side chains. Although peptide 1 contains two Az-Phe residues, the available nmr evidence favors an appreciable conformational flexibility of the molecule. The presence of the A' -Phe residues does not lead to any overwhelming conformational preference that is independent of the nature of the solvent used. However, there is little doubt that incorporation of A' -Phe provides a measure of stabilization for folded, intramolecularly hydrogen-bonded conformations like /?-turns and helical structures, in relatively apolar solvents like CDC1,. In more strongly solvating media [(CD,),SO] more open, extended conformations are favored. The backbone conformational constraints introduced by introduction of an a, /? double bond and the consequent flattening of the structure at the C a atom appear to be relatively weak. These conclusions are in agreement with the presence of several comparable energy minima in the $, J/ surface obtained from conformational energy calculations for a model A'-Phe residue.' The spatial restrictions imposed on the side-chain atoms are likely to be of much greater significance than backbone constraints when using A' -Phe residues in designing analogs of biologically active peptides."
